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ABSTRACT
Bioluminescence is a phenomenon in which chemical energy is converted into
light energy. Here, the oxidation of a luciferin substrate, catalyzed by a luciferase
enzyme, results in the emission of a photon. This biological process is exploited in a
technology referred to as Bioluminescence Resonance Energy Transfer (BRET). As its
name implies, BRET depends on a nonradiative energy transfer event that occurs
between a donor luciferase and an acceptor fluorophore. Fusion of the donor and acceptor
molecules to a protein(s) of-interest allows one to identify and monitor molecular events,
such as protein interactions or hormone binding events, based solely on the spectral
properties of the light produced.
A primary goal of this research was to use BRET to investigate protein-protein
interactions. Traditionally, BRET has been used to detect intermolecular interactions
between protein pairs. To this end, BRET was applied to explore putative interactions
between transcriptional regulators essential for organ polarity and floral development in
Arabidopsis, FILAMENTOUS FLOWER (FIL), YABBY5 (YAB5), and LEUNIG
(LUG). Results indicated that FIL and LUG are likely to interact in planta, supporting
previous hypotheses that they function together within a protein complex.
BRET has also been utilized to identify intramolecular, conformational changes
that occur following a ligand-protein binding event. Hormone-binding sensors, in
particular, have seen considerable success and are now used to monitor changes in small
molecule concentrations within a cellular context. To identify whether BRET-based
sensors are applicable to plant hormone studies, three sensors were created, incorporating
AUXIN BINDING PROTEIN 1 (ABP1), GIBBERELLIC ACID INSENSITIVE
iv

DWARF 1A (GID1A), and CHICKEN THYROID HORMONE RECEPTOR, LIGAND
BINDING DOMAIN (cTRα-1 LBD). Data obtained indicated that with modifications,
single-molecule BRET sensors may be suitable for use in plants.
Finally, luminescence imaging allows one to observe BRET as it occurs over a
period of time. An imaging system was set up and used to monitor BRET occurring
within transgenic Arabidopsis seedlings harboring either hRLUC-YFP or hRLUC
constructs. Taken together, results from each of these studies highlight the versatility and
sensitivity of BRET, and show that it can be used to monitor molecular events in a
variety of applications.
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Chapter I
BRET: An overview of the technology and its application to biological
research
Introduction
Proteins are essential macromolecules that play major roles in the functioning of
nearly every biological process occurring within the cell. They may function in signal
transduction, cellular movement and transport, gene expression, structural maintenance,
cell cycle progression, metabolic pathways, immune responses, and may do so
independently or by associating with other proteins and forming a stable complex. Often,
the goal of research involving proteins is to define a suite of interacting partners that are
specific to the protein of-interest.
The importance of identifying potential interactions and their functional roles is
crucial to advancing our understanding of life processes. Changes in protein-protein
associations, due to events like covalent modification and ligand binding, can have
effects on downstream signaling pathways, leading to the activation or repression of
specific biological responses. Because they are essential to the maintenance of cellular
function, the interactions between proteins are tightly regulated within the cell. Mutations
or misfolding that significantly alter (increase or decrease) protein interactions can lead to
the malfunction of metabolic pathways and pathogenesis, such as the development of
cancer and Alzheimer’s disease in humans [1-3].
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Detection of protein-protein interactions
Throughout the years, a number of techniques have been developed to detect and
monitor interactions between protein partners [4]. Each technique has its own set of
strengths and weaknesses, especially in terms of its sensitivity and specificity. Whereas
some methods allow one to identify putative partners through the use of
immunoprecipitation and antibodies specific to endogenous proteins, others exploit the
recent discovery of fluorescent and bioluminescent reporter genes, tagging them to the
ends of proteins for visualization and quantification of potential interactions.
Of the latter, fluorescence resonance energy transfer (FRET) is perhaps the most
widely used for the detection of protein interactions in vivo. Based partly on research
conducted by German scientist Theodor Förster, FRET relies upon an energy transfer
event that occurs between two chromophores, and can be used to detect molecular
interactions between proteins in real-time [5]. In this scenario, an excited donor
chromophore transfers energy to an acceptor chromophore, so long as the distance
between them is no more than 10 nm (100 Å) [6]. This transfer of energy is a
nonradiative event, meaning that no photons are ejected nor are they absorbed in the
process; rather, long-range dipole-dipole interactions facilitate the energy movement [7].
The basis for this technique allows one to quantitatively measure the significance of a
potential interaction by attaching the donor and acceptor fluorophores to the N- or Ctermini of each of two proteins of-interest.
A major caveat to FRET is that the donor and acceptor fluorophores must have
significantly overlapping emission and excitation spectra, respectively, in order for
energy transfer to occur efficiently. While on the surface this reason alone may seem
2

trivial, it becomes important when one considers that the donor molecule must be excited
by an external light source. This can have several adverse effects that may serve to
impede the ability to obtain accurate data, including the possibilities of photobleaching,
donor-to-donor self-transfer, and the likelihood that donor emission may confound
measurements of acceptor emission. Thus, when using FRET, one must take several
precautions to avoid artifacts, ensuring that data are reliable and conclusions truly valid.

Bioluminescence resonance energy transfer (BRET) technology
Recently, a similar technique was developed that avoids some of the problems
associated with FRET. Bioluminescence resonance energy transfer (BRET) is based on a
naturally occurring, nonradiative energy transfer event, and may be used to detect protein
interactions both in vivo and in vitro [8]. Unlike FRET, this technique employs a
luciferase protein as the donor molecule, which does not require light for excitation and
emission, like the fluorophore used in FRET necessitates. Therefore, BRET is applicable
for high-throughput screening and detection of protein-protein interactions in tissues that
may be too sensitive to and damaged by the excitation light required for FRET [9, 10].
Luciferase is a general term used to describe enzymes that catalyze several lightemitting reactions that characterize a number of organisms, such as fireflies, mushrooms,
and many marine species [11]. Also referred to as bioluminescence, reactions catalyzed
by luciferase enzymes produce light through the oxidation of a luciferin substrate
molecule. Typically, BRET experiments are designed to use one of two wellcharacterized luciferases, RLUC or FLUC, which have been isolated from Renilla
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reniformis (sea pansy) and Photinus pyralis (firefly), respectively. Importantly, both
RLUC and FLUC have also had their respective substrates (luciferins) characterized.
For a BRET experiment, the luciferase and fluorophore molecules are fused to
each of two proteins of-interest, in a manner similar to that used for FRET. As was the
case with FRET, the fluorophore acceptor must have an excitation spectrum within the
emission spectrum of the donor luciferase; in general, yellow fluorescent protein (YFP, or
the enhanced version, EYFP) works well as an acceptor for BRET. However, unlike
FRET, this does not pose significant problems like photodamage and donor-to-donor self
transfer because the luciferase is not excitable by light, but rather by the presence of its
substrate. Thus, only when the substrate is added will the luciferase initiate the energy
transfer from the donor to the acceptor [8].
The energy transfer event that occurs with BRET is dependent on the distance and
orientation of the donor and acceptor, and its efficiency decreases with the sixth power of
their distance. This means that the efficiency of energy transfer between RLUC and YFP
will be appreciably different when they are separated by a distance of 5 nm, as compared
to 10 nm, where little to no RET occurs [12]. Thus, the sensitivity of BRET makes it
capable of distinguishing between physical interactions and simple, protein colocalization
occurring in the absence of interaction.
BRET is quantified by measuring the luminescence of the donor and acceptor
independently, with filters, and then calculating a ratio of fluorophore to luciferase
emission, or Y:B [8]. If two proteins X and Y interact such that the luciferase and
fluorophore are brought within ≤ 10 nm of each other, substrate oxidation by the donor
will result in energy transfer, and the ratio of Y:B will be high (Fig. 1). On the other
4

(A)

(B)

Figure 1. Molecular basis of BRET. (A) Here, a luciferase (RLUC) and an YFP are fused
to each of two proteins of interest, X and Y. If X and Y do not interact, then upon
coelenterazine (substrate) addition, BRET will not occur and the only detectable light
emitted will be that from RLUC (480 nm), as shown in the panel on the left. On the other
hand, if X and Y interact such that the donor and acceptor are brought within close
distance (≤ 5-10 nm), RLUC will transfer energy to the acceptor YFP, resulting in an
emission spectrum with two peaks (480, RLUC; 530, YFP), shown in the right panel. If
each of these can be measured, the putative interaction can be quantified. (B) Reaction
showing the oxidation of coelenterazine, the substrate used for BRET, by the RLUC
enzyme.
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hand, if X and Y do not interact, the luciferase will still oxidize its substrate, but no
energy transfer will occur because the donor and acceptor are not within close proximity.
As a result, the Y:B ratio will be much lower because only the luciferase will emit light.
Thus, the ratio of Y:B provides a relatively straightforward means of determining
whether there is an interaction between two proteins.
The biological basis of BRET makes it nearly unique for the study of proteins in
that it can be used to monitor protein interactions in real-time and in cells of living
tissues, which is something that the majority of other molecular and biochemical
approaches designed to identify protein interactions fail to accomplish. While they are
certainly useful for providing reliable information about the properties of the proteins
studied, the data obtained by using other experimental approaches generally cannot
suffice as indicating a protein’s activity within a cellular context [6]. That being said, the
enormous versatility of BRET makes it a valuable option to corroborate prior results
while providing additional information about protein activity in real-time.
This is highlighted by the fact that BRET has been successfully applied to discern
constitutive and induced protein-protein interactions, conformational changes, and
protein modifications occurring among a wide range of biological phenomena. Originally
used to describe prokaryotic clock genes, BRET has since been applied to study the
oligomerization and ligand-induced conformational changes of G-protein coupled
receptors (GPCRs) and tyrosine kinase receptors of mammals, interactions of proteins
essential for light-regulated development in plants, and to detect the small ubiquitin-like
modifier (SUMO)-mediated modification (SUMOylation) of GTPase activating proteins
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[8, 13-16]. In all likelihood, the results generated from these types of BRET-based
research would not have been obtained as efficiently had another approach been used.
Yet, as with all laboratory techniques, BRET has its inherent disadvantages.
While FRET has the ability to assay endogenous proteins, BRET requires the creation
and often, the overexpression of fusion proteins. This limitation can lead to the
unintentional detection of false “interactions” due to the formation of inclusion bodies
and mislocalization, rather than identification of the endogenous proteins’ true activity in
situ. Furthermore, it is often difficult to discriminate a BRET (Y:B) ratio indicative of a
specific protein-protein interaction from ratios obtained in the absence of interaction,
especially if low luminescence levels and tissue pigmentation (such as plant tissue)
confound the analysis. Finally, because BRET signals can generally only be localized
through cellular fractionation or imaging, the problems with low luminescence levels
necessitate the use of highly sensitive microscope and camera systems.

Applications of BRET
BRET as a tool for measuring intramolecular conformational changes
Although the “classical” BRET experiment is geared towards identifying proteinprotein interactions, BRET is also useful for monitoring other types of molecular events.
The fact that the RET event is dependent not only upon the relative distance between the
donor and the acceptor, but also their orientation to each other, means that BRET is
effective for identifying intramolecular changes, such as proteolytic cleavage events and
conformational changes caused by hormone or metabolite binding [17-19]. Because it is
often the inherent nature of ion and small molecule concentrations to oscillate within the
7

cell, BRET can be considered an invaluable tool to monitoring such changes at the
(sub)cellular level, so long as the oscillations are not too fast to detect.
Of the sensor proteins that have been developed thus far, it is perhaps the
cameleons, FRET-based fluorescent Ca2+ indicators, that have become the most famous
[20]. Since their inception, these genetically encoded sensors have become the gold
standard for measuring Ca2+ levels within the cell, and are now much preferred over their
predecessors, ratiometric dyes [21]. Whereas conventional bulk measurements such as
dyes can detect the properties of many (typically > 1010) molecules, they fail to resolve
the range of conformations that are actually present within a population of dynamic
molecules, such as calmodulin (CaM), the major Ca2+-binding protein of eukaryotes [22].
While there are many versions of cameleons, each consists of a tandem fusion of a cyanshifted variant of GFP (cyan fluorescent protein, CFP), CaM, a CaM binding peptide
(M13), and a YFP molecule [20]. Binding of Ca2+ to the CaM domain of these fusion
proteins results in the latter twisting around the M13 domain, inducing a large
conformational change that produces a significant increase in FRET (Fig. 2). Analysis
and calibration of the changes in FRET allow researchers to quantify oscillations of
cytosolic and organellar Ca2+ levels in real-time and in vivo.
Cameleons have been used for an array of biological research, evidencing their
applicability. They have been targeted to organelles, expressed in a variety of organisms,
and enhanced with permutated versions of YFP (citrine YFP). Incorporation of improved
YFPs increases the dynamic range of cameleons, allowing for easier detection of changes
in FRET efficiency in vivo [23-25]. The technique itself has become so popular that in
2006, Palmer and Tsien published an article outlining how to design, implement, and
8

(A)

(B)

Figure 2. Changes in FRET exhibited by cameleons can be monitored by confocal
imaging. (A) Schematic structures from Miyawaki et al. showing the molecular basis for
monitoring Ca2+ binding with cameleons [20]. (B) Confocal micrographs from Rudolf et
al. showing increases in intracellular Ca2+ concentrations within a muscle fiber as a
result of nerve stimulation in a mouse transfected with cytoplasmic cameleon [26]. The
upper four panels are the yellow (YFP) and cyan (CFP) fluorescence channel
micrographs that were used to produce the pseudo-colored ratio images shown in the
lower two panels.
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analyze FRET experiments for the detection of changes in Ca2+ concentrations [27].
Clearly, the introduction of cameleons has led to considerable gains in understanding the
dynamics of Ca2+ signaling in a cellular context.
Similar sensors have also been constructed to identify conformational changes in
proteins active in G-protein coupled receptor (GPCR) signaling, and to measure changes
in sugar (maltose, sucrose) concentrations in vivo [19, 28-31]. The history of sensors for
cyclic AMP (cAMP) is particularly illustrative. Although initial attempts to build a
cAMP sensor based on the binding domain of the cAMP dependent protein kinase A
were fraught with difficulty, the discovery of the cAMP-binding guanine nucleotide
exchange factor, Epac1, came as a major breakthrough [32]. Even though Epac1 is a
large protein whose conformational change has only been revealed recently, three
different groups succeeded simultaneously in constructing FRET-based sensors for the
detection of cAMP [33-36]. Targeted to various organelles, these Epac1 sensors yielded
unprecedented insight into the dynamics of cAMP in various subcellular compartments,
its temporal control of Epac1, and its role in promoting the translocation of Epac1
towards the plasma membrane [37]. Further evidencing their utility, a BRET version of
the same sensor was successfully designed and utilized to discover how sphingolipids, a
class of membrane lipids, affect cAMP responses in mammalian cells [17].
Interestingly, despite the successes with using sensors in mammalian and
prokaryotic cells, the development of small molecule sensors for plants remains in its
infancy. This is particularly displeasing given that the methods currently available for the
detection of hormones and signaling molecules in plants tend to be cumbersome and
unpopular. Auxin may serve as a case in point. Despite its nearly uncontested
10

predominance as the premier plant hormone, most research conducted with auxin never
involves measuring auxin levels, in part, because many labs are not equipped to do so.
Instead, auxin is usually measured indirectly with an auxin responsive promoter-reporter
fusion gene (DR5:GUS or DR5:GFP), the expression of which, detectable by
microscopy, is considered to be indicative of auxin levels. What is more, methods of
auxin detection are generally far superior to those used for monitoring other plant
hormones.

Imaging BRET signals
Early critics argued that the characteristically low levels of luminescence and dim
signals produced by BRET would prevent its use in microscopic imaging [38]. However,
two recent publications described the first applications of BRET to imaging inter- and
intramolecular changes in plant and mammalian cells, clearly providing evidence that the
technology is suitable for resolving interactions in vivo [9, 39]. Since that time,
luminescence imaging has become more popular and has been used to monitor processes
such as Ca2+ signaling, cell cycle oscillations, and circadian clock protein expression in
prokaryotes in real-time and in vivo [40-42].
A long-term goal of using a technique like BRET is to image protein-protein
interactions and intramolecular changes over a period of time. To this end, modifications
have been made to improve or shift the emissions of the fluorophore and luciferase
proteins [43-46]. Such enhancements allow for easier detection of BRET signals by
increasing the dynamic range and efficiency of the RET event. Similar to taking
luminescence measurements, imaging requires the use of filters to monitor RLUC and
11

YFP emission [9]. As a result, putative interactions can be visualized as a local increase
in the Y:B ratio. Recently, Coulon et al. showed this was possible through imaging
receptor/agonist interactions at the subcellular level [47].
The downfalls to using this type of imaging include the generation of lowresolution images and difficult experimental conditions. Because low luminescence
signals correlate with poor spatial resolution, it can be hard to produce images indicative
of proteins (and also interactions) with clear, subcellular localization. In addition, the
experimental conditions required for obtaining luminescence images can be difficult, due
to the long exposure times and the need to avoid background noise in the form of aberrant
photons and gamma rays. This necessitates that cameras be cooled to at least -20˚C and
used within light-tight boxes and light-tight rooms. Despite these difficulties, this type of
imaging would be an unsurpassed means of visualizing interactions in real-time because
it would allow one to monitor dynamic cellular processes in real-time.

Questions addressed in this work
The purpose of this research was to apply BRET to investigate a number of
different biological phenomena as they occur within plant cells. In total, this thesis
involves three separate projects, each of which is discussed in detail in chapters II
through IV. The first project, discussed in chapter II, was done to assay the potential for
protein-protein interactions occurring between transcriptional regulators found in
Arabidopsis. As discussed in chapter III, the next project involved creating novel, singlemolecule BRET sensors that could be used for hormone detection in plants. The intent of
this study was to address whether such sensors, which have been used successfully in
12

other organisms, are also suitable for plant research. The final project, discussed in
chapter IV, was the development of a luminescence imaging system capable of spatially
resolving BRET events occurring within plant cells.

13

Chapter II
Applying BRET to measure interactions between transcriptional
corepressor proteins found in Arabidopsis thaliana
Part of this chapter is being published in Stahle, M.I., Kuelich, J., Staron, L., von Arnim,
A.G., & Golz, J.F. Role of YABBYs and the transcriptional co-repressors LEUNIG and
LEUNIG HOMOLOG in maintaining leaf polarity and meristem activity in Arabidopsis.
Plant Cell, 2009 (in press) [48].

Introduction
The development of proper leaf polarity is essential for plants. Leaf primordia
emerge from the shoot apical meristem as polarized structures with a clear
adaxial/abaxial (dorsal/ventral) axis; the adaxial (top) side is responsible for light capture,
and the abaxial (bottom) side is specialized for gas exchange through stomata [49-51].
The specificity of these domains requires that their development be regulated precisely.
But, through which mechanisms this regulation occurs remains to be fully elucidated [52,
53].
The family of YABBY (YAB) proteins plays an important role in promoting the
abaxialization of developing leaf primordia [54-56]. These transcriptional regulators are
thought to interact with additional regulatory proteins in order to exert their functions;
one potential interacting partner is LEUNIG (LUG), a transcriptional corepressor.
Addressing the potential of an interaction occurring between YABBYs and LUG has
been an objective of Dr. John Golz’s lab at Melbourne University in Melbourne,
14

Australia. To identify if these putative interactions occur in planta, we collaborated to
investigate the likelihood of interactions with BRET.

YABBYs are important regulators of abaxialization and floral organ identity
The Arabidopsis YABBY gene family consists of six members, each of which is
expressed in a polar manner in one or more above ground, lateral organs [51, 54].
YABBYs are partially redundant transcriptional regulators that support blade growth
(lamina outgrowth) of developing leaves. Mutations in two closely related YABBY
genes, FIL and YAB3, have been found to cause a number of defects, among them
aberrant phyllotaxis and loss of polarization [57]. Although much is known about the
effectors that control YABBY expression, the targets of YABBY activity have yet to be
defined [52, 53]. It is thought that YABBYs promote lamina outgrowth through
mediating the communication between the abaxial and adaxial leaf domains; the
juxtaposition of these two regions is believed to be required for proper lamina outgrowth
[55, 58-60].
Mutations in YABBY genes, such as FILAMENTOUS FLOWER (FIL/YABBY1),
cause defects in floral meristem function and organ development [55, 61]. In
Arabidopsis, FIL regulates organ identity through controlling the transcription of
homeotic genes within early floral primordia [55]. As outlined in the ABC model,
homeotic genes are responsible for specifying the cell fates of primordia within
developing whorls (1-4), or floral domains [62]. Floral primordia may develop into one
of four floral organs – carpels, stamens, petals, or sepals – and it is the expression and
function of particular combinations of homeotic genes that is the main determinant of this
15

differentiation [62, 63]. Specifically, the expression of class A, a combination of A and
B, a combination of B and C, and class C homeotic genes at early stages in development
correspond to the development of sepals, petals, stamens, and carpels, respectively [62,
63].
Within developing floral primordia, FIL represses AGAMOUS (AG, a class C
gene normally expressed only in whorls 3 and 4) expression in whorls 1 and 2, and
promotes the expression of class A genes in those whorls [64, 65]. Due to its roles in both
polarization and organ identity, fil mutants often exhibit a loss-of-polarity phenotype,
which is characterized by radialized and filamentous organs [54, 55]. The pronounced
effects of FIL on the development of floral organs suggest that there must be a significant
degree of organ-to-meristem signaling occurring, particularly because the expression of
YABBYs is confined to lateral organs.
Further supporting this idea is the observation that mutations in genes normally
expressed within the central zone (CZ) of the SAM (such as wus, clv, and jabba 1-d)
cause not only alterations in the size of the meristem, where they are active, but also
disrupt phyllotaxis of lateral organs [66-68]. Conversely, CZ genes may also be targeted
by non-cell autonomous signals arising within leaf primordia [54, 55, 57]. Complicating
this proposed mechanism further is the finding that YABBYs are cell autonomous
proteins, meaning that they must induce an additional, organ-based signal(s) in order to
exert their effects on the SAM [57]. To date, only a few potential candidates for
downstream effectors of YABBY signaling to the SAM have been postulated, including
the LATERAL SUPPRESSOR (LAS) protein, which is expressed at the boundary of
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organ primordia and the CZ of the SAM and is thought to mediate FIL-derived signals
[57]. However, this has yet to be proven experimentally.

LEUNIG shares similar functions with YABBY proteins
An unrelated protein, LEUNIG (LUG), has been shown to regulate the expression
of homeotic genes at the transcriptional level, in a manner similar to FIL. Specifically,
LUG promotes the abaxialization of leaves, represses AG expression in whorls 1 and 2,
and promotes the expression of at least one class A homeotic gene in the same whorls
[69-73]. Also, both FIL and LUG are nuclear-localized, providing further support for the
hypothesis that they may interact in planta [55, 64, 70].
Comparisons with transcription factors of other organisms have revealed that
LUG consists of a domain structure similar to the transcriptional corepressors Tup1 of
yeast and Groucho of Drosophila, neither of which contains a DNA-binding domain [70].
Indeed, LUG does not contain a known DNA-binding motif, but instead encodes a
glutamine-rich (Q-rich) protein containing seven WD repeats at its carboxy-terminus
[70]. Thus, LUG may be a transcriptional regulator that is recruited to its target promoters
only after binding to an additional protein(s) that has the ability to bind DNA [74, 75].
Molecular and genetic analyses revealed that SEUSS (SEU), a member of the plantspecific SEUSS-LIKE (SLK) protein family, interacts with LUG in mediating AG
repression [76]. Related structurally to the LDB transcriptional co-regulator family found
in mammals, like LUG, SEU also encodes a Q-rich protein lacking a DNA-binding
domain. Consistent with this, it appears that LUG and SEU probably regulate AG
expression through associating with AP2, a class A homeotic gene with DNA-binding
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activity [73, 76]. The ability of SEU and LUG to interact and mediate repression of genes
was demonstrated with experiments using Arabidopsis protoplasts, in which SEU and
LUG were attached to DNA through use of a DNA-binding domain chimera [72].
The seu and lug mutants are highly similar, as both display a number of
pleiotropic effects, including developmental defects in axillary branching, root
development, plant height, floral organs and lateral organs [76, 77]. Genetic evidence
indicates that seu lug ag triple mutants exhibit a loss-of-polarity phenotype characterized
by floral organs with structures that are filamentous in nature, similar to those seen in fil
mutants [73]. In addition, the expression of FIL in cells within petal primordia of late
stage seu lug ag mutant flowers was significantly reduced (but properly localized), as
compared to wild type [73]. Conversely, lug mutants have been shown to enhance the
phenotypic defects of fil yab3 leaves, providing further evidence for a potential
interaction between LUG and YAB proteins [48]. Together, these findings suggest that
SEU and LUG are important for maintaining the expression of FIL throughout organ
development and may actually function to enhance the activity of FIL in establishing
polarity. Because FIL can bind to DNA, it is reasonable to hypothesize that these proteins
might physically interact within developing primordia [78]. Whether or not SEU and
LUG play a more significant role in establishing adaxial and abaxial domains has not yet
been established.

Additional evidence for a FIL-LUG interaction
Evidence beyond genetic and phenotypic analyses also points towards a potential
interaction between FIL and LUG(-SEU). Experiments have shown that the Antirrhinum
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majus LUG homolog STYLOSA interacts with the YABBY homolog, GRAMINIFOLIA
in vivo [69]. This finding might indicate that a FIL-LUG(-SEU) interaction could have
been conserved among plants, emphasizing its importance in the maintenance of plant
functions. From a functional perspective, it is possible that a FIL-LUG(-SEU) association
enhances the ability of FIL to function as a transcriptional regulator. This interaction may
also allow LUG(-SEU) to bind to target promoters, activating gene transcription.
However, at present there is no evidence of this in plants. The purpose of this research
was to use BRET to investigate the potential for interactions occurring between YABBYs
and LUG proteins in heterologous plant tissue.

Methods
In vivo BRET experiments
BRET assays were used to identify the potential of interactions between FIL-FIL,
FIL-LUG, and LUG-YAB5 proteins in vivo. All constructs that were used for these
experiments were created by and sent to our lab from the Golz lab in Melbourne,
Australia.
For each experiment, epidermal tissue was peeled from yellow onion, placed onto
GM plates (1/2X MS salts, 0.5 g/L MES, 1% sucrose, 0.8% agar, pH 5.7), and was
subsequently transformed by particle bombardment [79]. For this, 1 µg plasmid DNA
was precipitated onto tungsten particles and then loaded onto a macrocarrier.
Bombardment was performed using the Bio-Rad PDS-1000/He Biolistic Particle
Delivery System, with 1100-psi rupture disks. Following bombardment, onion tissue was
incubated in the dark at room temperature for 18-24 hours prior to analyses.
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Prior to performing luminescence experiments, YFP expression of all onion slices
was checked microscopically to verify whether or not the transformation procedure was
successful, and to identify where expression was highest. Images were taken if expression
of YFP was bright enough. Onion epidermal peels were then cut to the appropriate size
and analyzed in the luminometer, starting with the most highly expressing sections first.
All in vivo and in vitro luminescence experiments were conducted in a Turner Designs
(TD) 20/20 luminometer fitted with a dual-color accessory supplied by Turner
Instruments. The dual-color accessory contained both a blue (B) and a yellow (Y) filter to
measure RLUC and YFP emission, respectively. For each construct, at least four
replicates were completed during the course of each experiment, although not all resulted
in luminescence values above background (denoted as ≥ 0.050 units). This resulted in a
final n value that varied from 5-30 upon completion of the study.
Sections of onion epidermis were tested in 100 µL volumes of native
coelenterazine substrate from a 250X stock in ethanol diluted to a final concentration of 1
µM in dH2O. Total luminescence was measured over a 10-second integration just prior to
taking four, sequential BRET (yellow and blue) measurements. Each of these
measurements consisted of two 10-second integrations, separated by a 3-second delay
that allowed for switching of the filter. Y:B ratios were calculated following each
experiment, averaged for each sample, and then averaged for the entire experiment.
Standard errors were calculated, and a Student’s t-test was performed in order to identify
the significance of what appeared to be potential interactions. The final averages from
each construct and their respective standard errors were then plotted in a bar graph to
help visualize the likelihood of interactions occurring.
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Results
Microscopic analyses of YFP expression in transformed onion slices indicated
that all constructs expressed well. Because FIL and LUG are transcriptional regulators, it
was expected that they would be found primarily localized to the nucleus. However, the
constructs did not appear to confirm our expectations, as YFP expression was also
detectable in the cytosol. Exactly why this occurred is not clear, but perhaps the fusion of
RLUC and YFP to the ends of FIL and LUG led to disruptions in protein targeting.
Consistent with our initial hypothesis, there was a significant elevation of the Y:B
ratio upon coexpression of BRET tagged FIL and LUG in planta (p < 0.02) (Fig. 3 A).
Specifically, for the RLUC-LUG + FIL-YFP (1:1 ratio) combination, the final (average)
Y:B ratio of all samples tested was 0.81 ± 0.11, which was significantly higher (p <
0.02) than the following controls: RLUC + YFP, RLUC-LUG, and RLUC-LUG + YFP.
A similar result was found for the RLUC-LUG + YFP-FIL, where the Y:B ratio was 0.83
± 0.08 (p < 0.02). This indicates that the interaction between FIL-LUG does not appear to
be dependent on the conformation of the FIL fusion, because the Y:B ratios obtained
were not significantly affected by the location of the YFP fusion (N- or C-terminus).
Importantly, the BRET detected between FIL and LUG was found to be saturable
upon increasing the expression of LUG, suggesting a specific interaction between these
two proteins. As discussed by Bacart et al., because proteins interact in finite spaces,
proteins that do not physically interact will begin to exhibit a weak, but non-specific
BRET signal as the ratio of acceptor:donor (YFP:RLUC) molecules increases [80].
Specific interactions, on the other hand, will increase only so much as the acceptor
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(A)

n = 8-26

(B)
n = 5-26

Figure 3. Luminescence experiments conducted with YABBY and LUG BRET constructs
indicate that LUG/FIL may interact. (A) LUG/FIL expressed transiently in onion
epidermis by particle bombardment appear to interact in vivo. Interactions of RLUG/FIL-Y (1:1, 1:2), and R-LUG/Y-FIL constructs indicated by significantly elevated (p
< 0.02) Y:B ratios, as compared to negative (R/Y) controls. The lack of interaction
exhibited by R-LUG/FIL-Y (1:0.5) indicates that this interaction is concentration
dependent, and apparently saturable. (B) Co-bombardment of FIL and LUG with other
constructs into onion epidermis did not result in significant elevation of BRET. Multiple
trials with R-LUG/YAB5-Y and FIL-R/FIL-Y (1:1, 1:3) consistently failed to show
significant increases in Y:B ratios, indicating that these proteins are not likely to interact
in vivo. Error bars represent the standard error for all experiments. Statistical difference
from the R/Y control was calculated using a Students t-test with p < 0.02 indicated with
one asterisk.
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molecule does not become saturated. This means that specific interactions will show a
hyperbolic, rather than linear, curve if Y:B ratios are plotted against increasing donor
amounts. Therefore, because the interaction between FIL-LUG was dependent on the
amount of YFP present, we can assume this was indeed a specific interaction.
What was not seen, however, were significant increases in the Y:B ratio when
RLUC-LUG + YAB5-Y or FIL-R + FIL-Y, were co-transformed (Fig. 3 B). While some
combinations exhibited a slightly elevated average Y:B ratio (FIL-R + FIL-Y, 1:1 and
1:3), due to the variability between experiments, this was not significant. This was
somewhat unexpected, as YABBYs such as FIL and YAB5 had been previously
hypothesized to interact with one another through formation of a regulatory complex. At
the very least, the failure to detect such interactions points to the significance of the
elevated BRET ratios detected with the RLUC-LUG + FIL-YFP / YFP-FIL combinations
tested.

Discussion
Here, I observed an interaction between the YABBY-class transcriptional
regulator, FIL, and the corepressor, LUG, using BRET experiments after transient
expression in heterologous cells. FIL expression is restricted primarily to the abaxial
domain of developing organs, such as floral and leaf primordia. The interaction between
FIL and LUG suggests that FIL functions not only to promote abaxial cell fate, but may
also exert some level of control in repressing transcription within the adaxial domain
[48]. If the FIL-LUG interaction occurs primarily in cells at the abaxial-adaxial boundary,
this association may play a role in restricting the activity of FIL to the abaxial domain.
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Further research should distinguish if YABBY proteins, and FIL in particular, function to
directly repress or activate genes required for polar development.
Another potential function of a FIL-LUG interaction may be to define the target
genes of the transcriptional corepressor, LUG, which is known to suppress the expression
of a floral identity gene, AG, in whorls 1 and 2 of floral primordia. While the localized
pattern of FIL expression in the leaf does not seem to be consistent with a role in
repressing AG in the flower, it is possible that LUG interacts with other YABBY proteins
in order to repress AG. Since the expression of YABBYs is confined to abaxial regions,
perhaps the FIL-LUG interaction serves to mediate a downstream signaling pathway that
is required for proper floral development and meristem maintenance [51, 54, 64].
Additional experiments will need to be done in order to more completely understand the
processes mediated by YABBY genes, and the implications of their potential interactions
with LUG(-SEU).
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Chapter III
Developing novel BRET-based hormone sensors to detect
conformational changes in proteins
Introduction
Despite recent advances, the likelihood of obtaining positive, intermolecular
BRET signals remains quite low. This is not surprising, considering that many interacting
proteins probably do so only in a transient manner, in response to specific stimuli. Thus,
it is often difficult to identify protein-protein interactions, especially when individual
protein molecules co-exist in different states (i.e. interacting, or not interacting) within a
given cell. Considering this, BRET might actually be most suitable for monitoring
intramolecular conformational changes. Indeed, this has been accomplished with the
creation of single-molecule sensors, as discussed in chapter I, above. What remains to be
determined is if these BRET sensors can be applied to plant research.
Taking into account previous research with these single-molecule sensors, the
hypothesis was that if an appropriate protein could be chosen, a sufficiently large
conformational change elicited by hormone addition could lead to a quantifiable change
in BRET. Even in the absence of a conformational change, these fusion proteins should
answer a number of preliminary questions and address the potential for using BRET
sensors in plants. First, can these proteins be expressed in the plant cell such that they are
not subject to aggregation? Second, do they show sufficient luciferase activity for
detection and experimentation? Third, do they exhibit measurable BRET? A number of
factors played into the decision as to which proteins to try as BRET sensors. Using
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cameleons as the “gold standard,” it was considered most important to choose proteins
that were believed to undergo a similarly significant conformational change upon binding
to their ligand [20]. Certainly, it makes sense that the larger the conformational change,
the greater the chance of a detectable change in the Y:B ratio. This would mean that the
proteins chosen should have known ligand(s) and be well-researched biochemically, with
reliable binding affinity data available. In addition, because these proteins would be fused
to both RLUC and YFP proteins, it would be ideal (although not absolutely necessary) if
crystal structures of the apo- and bound forms were published. Three proteins were
chosen on the basis of their ligand binding affinities, Auxin Binding Protein 1 (ABP1)
and Gibberellic acid Insensitive Dwarf 1A (GID1A), both of which are found in
Arabidopsis, and the thyroid hormone receptor α-1 isoform, ligand-binding domain from
Gallus gallus (cTR-LBD).

Selection of hormone-binding proteins
Auxin binding protein 1 (ABP1)
Auxin Binding Protein 1 (ABP1) is ubiquitous among green plants and binds to
the phytohormone auxin with high specificity and at physiological levels (Fig. 4) [81].
Identified more than 30 years ago, ABP1 is a 22 kDa soluble glycoprotein, and was only
recently characterized as being an important regulator of auxin-induced embryogenesis,
and cellular expansion and division [82-84]. Interestingly, although more than 98% of the
ABP1 molecules within a cell are found in the endoplasmic reticulum, the optimal
binding of auxin only occurs at pH 5.0-6.0, which is much lower than that of the ER
lumen [85]. This means that only the remaining 2% of the ABP1 population, which is
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(A)

(B)

Figure 4. The structure of Auxin Binding Protein 1 (ABP1) bound to auxin (1-NAA). (A)
ABP1 homodimer (pink and teal cartoon monomers) with 1-NAA (auxin, shown as green
sticks) and Zn2+ ions (blue spheres) bound. Residues of ABP1 important for binding
auxin and/or a Zn2+ ion (H57, H59, E63, H106) are represented as yellow sticks. (B)
Close up view of an ABP1 monomer bound to 1-NAA and Zn2+, with residues important
for binding highlighted. [PDB ID: 1LRH]
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found on the plasma membrane, can actually bind auxin. Those ABP1 molecules that
manage to bind to auxin are believed to undergo at least some degree of conformational
change [86]. Early circular dichroism (CD) data and molecular dynamics simulations
supported the idea of a detectable conformational change [87, 88]. However, the
publication of the first crystal structure of ABP1 bound to auxin (1-NAA) challenged this
hypothesis with data indicating that auxin binding likely serves to stabilize the structure
of ABP1 [89]. Despite this information, it was decided that ABP1 still might prove to be
a worthwhile protein to investigate as a BRET sensor, in part because of the small size of
the protein, and also the fact that building any kind of workable auxin sensor would
constitute a significant step forward in the field of auxin signaling in plants.

Gibberellic acid insensitive dwarf (GID1A)
Gibberellic acid Insensitive Dwarf 1A (GID1A) is a 39 kDa soluble protein
named for its mutant phenotype (Fig. 5). GID1A is a receptor for gibberellic acid (GA), a
class of endogenous hormones in higher plants that play a role in a number of
developmental pathways, including: stem elongation, floral induction, seed germination,
leaf expansion, and pollen maturation [90]. Binding to GA promotes the association of
GID1A with a class of nuclear-localized transcriptional regulator proteins that harbor a
DELLA motif. This association then triggers the ubiquitination and degradation of the
latter, and leads to transcriptional derepression of downstream target genes, for example,
light-responsive genes such as PHYTOCHROME INTERACTING FACTOR 3 (PIF3)
[91].
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(A)
(B)

Figure 5. Structure of Gibberellic acid Insensitive Dwarf 1A (GID1A). (A) GID1A (blue
and teal cartoon) shown with bound GA3 (green sticks) in its central pocket. Residues
active in binding GA3 are shown as yellow sticks. The N-terminus of GID1A is shown in
teal, shown in purple is the DELLA domain of a DELLA protein co-crystallized with
GID1A. (B) GID1A structure with bound GA3 with N-terminus (teal) removed. [PDB ID:
2ZSH]
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In 2008, crystal structures of Arabidopsis and Zea mays GID1A in complex with
GA ligand were published simultaneously [91, 92]. However, neither group was able to
crystallize GID1A in the absence of GA. Citing results from protease digestion
experiments, researchers attributed the lack of crystal formation phenomenon to
conformational flexibility of GID1 in the absence of hormone [92]. It was hypothesized
that initial binding of GA within the binding pocket of GID1 induces an allosteric change
in the N-terminal helix of GID1 that allows it to fold over, thereby not only enclosing the
ligand and stabilizing its binding to its receptor, but also providing a binding surface for a
DELLA protein. My intention was to attempt to monitor the movement of this helix by
constructing a GID1A BRET sensor.

Chicken thyroid hormone receptor, ligand-binding domain (cTR-LBD)
The chicken thyroid hormone receptor α-1 isoform (cTR-LBD) is a member of
the nuclear receptor (NR) superfamily, which includes the structurally- and functionallyrelated estrogen and retinoic acid receptors (Fig. 6). NR proteins consist of a DNAbinding domain and a ligand-binding domain (DBD and LBD, respectively) separated by
a linker sequence. These are fairly large proteins, as the LBD of TR alone is 29 kDa.
In contrast to steroid hormone receptors, a few NRs like TR bind DNA in the
absence of hormone, leading to transcriptional repression [93]. Binding of the ligand
3’,3',5’-triiodo-L-thyronine (T3), to the LBD is thought to induce a conformational
change that promotes the recruitment of coactivators, dissociation of corepressors, and
transcriptional activation of target genes harboring thyroid response element motifs in
their promoter sequence [94, 95]. By analogy with other NRs, where solid structural
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(A)

(B)

90°

Figure 6. Structure of human thyroid hormone receptor α-1, ligand binding domain
(hTRα-1 LBD). (A) Structure of hTRα-1 LBD (teal and pink cartoon structures) with T3
(white sticks) bound in the inner pocket. Helix 12 has been colored pink for clarity and
emphasis. (B) Side view showing helix 12 and T3. Image A has been rotated 90° along its
y-axis. [PDB ID: 2H77]
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support for this model exists, the conformational change is due primarily to the
movement of a single C-terminal helix (helix 12), which serves to enclose the ligand
within the receptor and acts as a molecular switch, leading to changes in activity by
providing a surface to which coactivators can bind [96-98].
Thus far, researchers working with a variety of organisms have only been able to
crystallize isoforms of TR LBD with T3 present. Undoubtedly, this means that one
cannot be entirely sure about whether or not the protein undergoes the predicted
conformational change. However, structural comparisons of T3-bound TR LBD with the
apo-forms of other NR LBDs, such as apo-RXR, seem to indicate that the proposed
conformational change in helix 12 may indeed be occurring. Thus, exploiting this
movement by incorporating TR LBD into a BRET sensor could be an effective means of
monitoring hormone binding.

Methods
Constructing hormone sensors
The coding region of each of the three proteins discussed above was first cloned
into vectors such that it was sandwiched between a human codon-optimized RLUC
(hRLUC, GenBank accession AAK53368), and an YFP (Fig. 7). For this purpose, two
vectors were used, the only difference between them being the presence (pAVA 1328) or
the absence (pAVA 1320) of a 15-amino acid linker sequence between the hRLUC and
YFP. The coding regions of both of these vectors are under the control of the cauliflower
mosaic virus 35S promoter. The cDNAs of ABP1 and GID1A were ordered from the
Arabidopsis Biological Resource Center (ABRC), and the cDNA for cTR-LBD was
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Figure 7. Diagram of hormone sensor constructs. Coding regions consist of the coding
sequence of the hormone-binding protein fused between a 5’-terminal hRLUC, and a 3’terminal YFP. Relative sizes of the coding regions are indicated by the scale bar, below.
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acquired as a gift from the lab of Dr. Elias Fernandez (University of Tennessee –
Knoxville).
The cDNAs were amplified by PCR using primers designed to create cut sites for
restriction digestion with BglII. Vectors 1320 and 1328 were digested and linearized with
either BglII or BamHI, and then ligated with the BglII-cut cDNA fragments overnight.
The ligation reactions were transformed into Top10 E. coli cells by heat shock or
electroporation, and then grown on Luria Broth (LB) plates with ampicillin overnight at
37°C to select for transformants. Restriction digests, colony PCR, and DNA sequencing
were used to confirm the orientation and integrity of inserts. In all, 3 constructs were
created and used for experimentation: pBS-35S-hRLUC-ABP1-YFP (pAVA 1843), pBS35S-hRLUC-GID1A-YFP (pAVA 1845), and pBS-35S-hRLUC-cTR-LBD-YFP (pAVA
1848). By sandwiching ABP1 between hRLUC and YFP, it was expected that targeting
to the endomembrane system would be prohibited, such that the protein would be found
within the cytosol.

Stable transformation
The entire hRLUC-insert-YFP fragment (pAVA 1843, 1845) was cloned into
pFGCKanR binary vector (pAVA 648), and subsequently transformed into Agrobacterium
cells by electroporation. Two constructs were made: pFGC19-hRLUC-ABP1-YFP
(pAVA 1878), and pFGC19-hRLUC-GID1A-YFP (pAVA 1879); there was considerable
difficulty getting the hRLUC-cTR-LBD-YFP construct into a binary vector, and
unfortunately, this was never accomplished. The Agrobacterium was grown on LB plates
with the antibiotics rifampicin, kanamycin, and streptomycin at 30°C for 2-3 days to
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select for transformants. Individual colonies were then inoculated into cultures and grown
overnight to OD600 ~ 0.8, and then resuspended in a solution of 5% sucrose. Healthy,
flowering Arabidopsis plants were dipped into the bacterial suspension and then placed
into a growth chamber, covered, for 16-24 hours to maintain high humidity. After this
time, plants were grown normally in the growth chambers until seeds could be harvested.
Seeds were plated onto GM plates (1/2X MS salts, 0.5 g/L MES, 1% sucrose, 0.8% agar,
pH 5.7) containing 10 µg/ml Basta herbicide to select for transformants.

In vivo experiments
For each in vivo BRET experiment and microscopic analysis, epidermal tissue
from yellow onion was transformed by tungsten particle bombardment using the same
protocol as was described for experiments with LUG, FIL, and YAB5 constructs, above.
Following bombardment, onion tissue was incubated in the dark at room temperature for
16-24 hours prior to analyses.
YFP expression of all onion slices was checked microscopically prior to
performing BRET experiments, in order to verify the success of transformation and
identify where expression was highest. All luminescence experiments were conducted in
the TD 20/20 luminometer with the same blue (B) and yellow (Y) filters as before. As
was the case for experiments done with YABBYs and LUG, variability between
replicates and low-intensity signals required extensive replication. Replicates varied from
12-36 between constructs upon completion of these experiments.
Again, 100 µL volumes of native coelenterazine were used as the substrate for
luminescence experiments, but this was diluted to a final concentration of 10 µM in
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dH2O. For experiments with ABP1, a solution of 1/2X MS (pH 5.0) was used in place of
dH2O to maintain the pH at 5.0-6.0 during the experiment. When hormone was used, it
was added to a final concentration of 10-100 µM. Luminescence measurements were
taken and data analyzed in the same manner as described above.

In vitro experiments
Particle bombardment was also used for transient expression of BRET constructs
for in vitro experiments, but because of the difficulty in grinding up onion epidermis,
Arabidopsis wild-type (Col-0) seedlings were used in place of the onion. For these
experiments, Col-0 seeds were plated onto GM (1/2X MS salts, 0.5 g/L MES, 1%
sucrose, 0.8% agar, pH 5.7) plates and subjected to cold treatment at 4°C for at least 2-3
days. The plates were then removed and placed into a growth chamber for 7-10 days
under long-day (≥16 hours light) conditions. Prior to bombardment (1-2 days), seedlings
were removed from their original plate and placed, centrally, on a new plate; each
bombardment required one plate of 15-25 seedlings, depending on their relative size and
age. Bombardment here was analogous to that described above, and seedlings were also
incubated in the dark at room temperature for 16-24 hours.
For protein extraction, seedlings were ground up in 350-400 µL assay buffer (50
mM KCl, 50 mM NaCl, 2.5 mM MgCl2, 2 mM EDTA, 5 mM DTT, 20 mM Hepes, pH
8.0), depending upon the number of seedlings and relative seedling size, in batches of 812 seedlings per sample [8]. The homogenates were then centrifuged briefly at 4°C, and
the supernatant pipetted into a fresh tube, which would become the stock to be used for
luminescence experiments.
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For the in vitro BRET assay, 100 µL of the plant extract was pipetted into a fresh
tube that contained 50 µL of coelenterazine diluted to 10 µM (final concentration ~ 3
µM) in dH2O or 1/2X MS (pH 4.0) and total, blue, and yellow luminescence data were
obtained as described above. This meant that each independent extract from a single
bombardment could be used for three technical replicates. When hormones were used,
they were added to a final concentration of 1-100 µM to each of two 100 µL aliquots of
plant extract; in other words, for all experiments, one of the three replicates of each
extract served as a control, to which no hormone was added. Luminescence
measurements were taken and data analyzed in the same manner as described above.

Time course experiments
For several hRLUC-insert-YFP proteins the Y:B ratio in the protein extract was
examined over 10 to 12 minutes. The same procedure for bombardment and protein
extraction was used, as were the same volumes (and final concentrations) of substrate,
hormones, and supernatant. The only modification implemented was changing the
frequency and number of luminescence measurements, such that BRET was monitored
over a period of 10 minutes, by taking 18 sequential readings. This allowed me to not
only monitor the change in BRET over time, but to also identify any changes in the
amount of light coming through the filters over the 10-minute period. Data from these
experiments were plotted in line graphs and compared to the control constructs.

Experiments with transgenic seedlings
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In order to conduct experiments with transgenic Arabidopsis seedlings, seeds
were initially harvested from T1 plants expressing either the hRLUC-ABP1-YFP and
hRLUC-GID1A-YFP binary constructs. After a short period of desiccation, these seeds
were sterilized with 70% EtOH, washed with dH2O, and then pipetted onto GM (1/2X
MS salts, 0.5 g/L MES, 1% sucrose, 0.8% agar, pH 5.7) plates and subjected to cold
treatment at 4°C for at least 2-3 days. The plates were then removed and placed into a
growth chamber for 5-8 days under long-day (≥16 hours light) conditions.
For the luminescence experiments, 50-100 µL volumes of native coelenterazine
were added to an Eppendorf tube prior to the addition of a seedling. The coelenterazine
used was diluted to a final concentration of 10 µM in dH2O, and was kept on ice
throughout the experiment. For experiments with ABP1, a solution of 1/2X MS (pH 5.0)
was used in place of dH2O in order to maintain the pH at 5.0-6.0 during the experiment.
For hormone binding assays, seedlings were incubated with 10-20 µL volumes of 500
µM hormone stock (1-NAA or GA3) for 2-5 minutes before adding the appropriate
volume of coelenterazine substrate. This resulted in a final hormone concentration of 100
µM during the course of luminescence measurements. Luminescence measurements were
taken and data analyzed in the same manner as described above.

Results
Microscopic analysis showed that all three sensors expressed well in onion
epidermis, as detected by YFP expression (Fig. 8). As expected, the ABP1 fusion protein
was found predominantly in the cytosol rather than the nucleus or ER. GID1A was found
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Figure 8. Subcellular localization of YFP in onion cells transiently transformed with the
fusion constructs. (A) hRLUC-YFP vector, (B, C) hRLUC-ABP1-YFP, (D) hRLUCGID1A-YFP, (E) hRLUC-cTR-LBD-YFP. As expected, all panels show high expression
throughout the cytoplasm. Scale bar = 20µm.
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not only in the nucleus, as expected, but also in the cytosol. More extensive cytoplasmic
localization could be due to inhibition of nuclear targeting by the fusion partners or due
to the heterologous cell type.
In mammalian cells, TR may move from the cytosol to the nucleus upon ligand
binding [98]. However, in onion cells, no relocalization of hRLUC-cTR-LBD-YFP was
observed upon addition of 1 µM T3 hormone over a period of 1 hour (data not shown).
Instead, the protein was found in both nucleus and cytoplasm at all times. Thus, it is
unclear whether the TR sensor protein binds hormone when expressed in onion cells. It is
possible that the targeting of cTR-LBD in the plant cell may not be regulated in the same
manner as seen in mammalian cells.
Luminescence experiments revealed that all three of the sensor proteins were
capable of BRET. This was indicated by the elevated Y:B ratios, which for the GID1A
and cTR-LBD constructs were significantly (p < 0.05) above those of BRET-negative
(pBS-35S-hRLUC) values (Fig. 9). The ABP1 sensor exhibited a slightly elevated Y:B
ratio, but this was variable and not significant (p > 0.05). BRET was evident both in vivo
(Fig. 9) and in vitro (Fig. 10). These data suggest that both GID1A and cTR-LBD sensors
are sufficiently small so as not to separate the hRLUC and YFP moieties beyond the
critical distance that allows for resonance energy transfer. The reduced BRET as
compared to the positive control (hRLUC-YFP) can be explained by the greater
separation (13-50 Å, depending upon the distance between the N- and C-termini of the
hormone-binding proteins) between the RLUC and YFP moieties.
After confirming BRET in the absence of hormone, I sought to identify if I could
detect a change in BRET when hormones were added. Binding affinities of each of these
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n = 12-36

Figure 9. Hormone addition elicits no significant change in Y:B ratios in vivo when
tested in transiently transformed onion epidermal cells. The slightly higher Y:B ratios
exhibited by all constructs when incubated with their hormones, as compared to the
ratios of the constructs without hormones, were not statistically significant (p > 0.05).
However, all hR-insert-Y sensor constructs (with or without hormone) were statistically
significant (p < 0.05) when compared to the hR construct (negative control), indicating
that measurable BRET is occurring within the sensors. Error bars represent the standard
error for all experiments. Statistical difference was calculated using a Student’s t-test.
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(A)

(B)

(C)

Figure 10. Hormone addition elicits no significant change in Y:B ratio in vitro when
tested in protein extracts prepared from bombarded wild-type Arabidopsis seedlings. (A)
hRLUC-ABP1-YFP constructs, (B) hRLUC-cTR-LBD-YFP construct, (C) hRLUCGID1A-YFP constructs. The slight increases in the Y:B ratios exhibited by pFGC19:hRGID1A-Y and pBS:hR-GID1A-Y constructs with GA3 were not significant (p > 0.05)
when compared to the Y:B ratios of constructs without hormones added. Error bars
represent the standard error for all experiments. Statistical difference was calculated
using a Student’s t-test with p <0.05.
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hormones to their receptors are within the nanomolar range, but saturating amounts of
hormone were added in hopes of detecting a conformational change. For in vivo
experiments, 100 µM 1-naphthalene acetic acid (1-NAA, an auxin analog), 100 µM
gibberellin 3 (GA3), and 10 µM T3 were used. While hormone addition resulted in
marginally higher BRET, the data were also more variable in each case, and no
statistically significant (p > 0.05) change in BRET was observed (Fig. 9).
Because there was no irrefutable evidence that the hormones were entering the
onion cells, and because in vivo luciferase levels were relatively low and Y:B ratios
variable, I performed in vitro experiments by transiently transforming light-grown
Arabidopsis Col-0 seedlings and measuring luminescence and BRET in a protein extract.
While ABP1 and cTR-LBD constructs did not respond to the addition of their respective
hormones (Fig. 10 A, B), strikingly, the first experiment performed with GID1A yielded
very promising results suggestive of a conformational change upon ligand binding (100
µM GA3). However, numerous attempts to replicate this result over the next three
months proved to be unsuccessful, and I found no statistically significant (p > 0.05)
difference between the samples to which hormone was added and those in which no
hormone was present (Fig. 10 C).
Through performing the in vitro experiments, I found that some samples exhibited
unexpected and significant changes in their Y:B ratios over time. Because of this, I
thought it would be worthwhile to investigate the change in BRET as a function of time
and hormone presence/absence.
Although it had been previously thought that in vitro BRET time courses may be
difficult or even impossible to perform and obtain reliable data, mainly because of the
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rapid decrease in luciferase activity upon substrate addition, these time course
experiments proved to be, in general, very successful. The Y:B ratios exhibited by the
sensor constructs were typically maintained stably between that of the positive control
and the negative control, at least over a period of a few minutes. As shown in Fig. 11,
presence of GA3 did not alter the time course of the GID1A sensor Y:B ratio. Likewise,
there did not appear to be a significant change in the Y:B ratio upon addition of either 1NAA to ABP1 (Fig. 12) or T3 to cTR-LBD (data not shown). These results indicate that
the data obtained in earlier in vitro experiments were valid, and that no measurable
conformational change was occurring under the conditions used.
It is important to point out that for the ABP1 and GID1A sensor constructs,
significant fluctuations in the Y:B ratios were observed after about 6 minutes of
measurement, regardless of ligand presence. Notably, this phenomenon was never
observed for the hRLUC or hRLUC-YFP control constructs (Fig. 12 and data not shown).
It is possible that this variation may have been due to shifts in the spectral peak of
luminescence emission of the hRLUC molecule, but this idea has yet to be investigated.
Transgenic seedlings expressing hRLUC and YFP-tagged ABP1 and GID1A
under the control of the broadly expressed cauliflower mosaic virus 35S promoter were
generated to examine the luminescence properties of the sensor proteins. Both proteins
gave rise to luminescence at a level of about 10% of that exhibited by the hRLUC-YFP
and hRLUC control seedlings (data not shown). In general, YFP expression of the ABP1
and GID1A sensors occurred throughout transgenic seedlings, and was found to be
predominantly in the nucleus and cytoplasm of cells. As in the transient expression
assays, the Y:B ratios of emitted luminescence did not respond to the addition of
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Figure 11. Results from time course experiments fail to show significant changes in Y:B
ratio of hR-GID1A-Y in response to hormone addition. hRLUC-YFP (red), hRLUC
(blue), pFGC19:hRLUC-GID1A-YFP without hormone (orange), and pFGC19:hRLUCGID1A-YFP with 10µM GA3 (yellow).
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Figure 12. Results from time course experiments fail to show significant changes in Y:B
ratio of hR-ABP1-Y in response to hormone addition. hRLUC-YFP (red), hRLUC (blue),
pBS:hRLUC-ABP1-YFP without hormone (dark green), and pBS:hRLUC-ABP1-YFP
with 10µM 1-NAA (light green).
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saturating concentrations of hormone ligand (Fig. 13). Unexpectedly, the Y:B ratios
appear to be below those of the transient assay and also lower than those exhibited by the
hRLUC (negative) control. The basis for this reduction in Y:B ratio compared to hRLUC
has not yet been determined, but might involve preferential expression of the ABP1 and
GID1A proteins in tissues such as root or epidermis, which are more transparent to blue
photons than is green tissue. Alternatively, various structural alterations of the protein
specific for its expression in Arabidopsis may cause a slight shift in the luminescence
spectrum. However, these data certainly provide support for the notion that there either is
no conformational change occurring within these fusion proteins, or that it is simply too
small to be detected using our luminometer.

Discussion
Thus far, the results of my sensor experiments seem conclusive in that all sensor
constructs attempted resulted in luminescence, but no conformational changes induced by
hormone binding were detectable. It is possible that the sensors may not have been
assembled in a form such that they were capable of binding hormones as they would
endogenously. Biochemical evidence for binding of hormones to their receptors is very
difficult to obtain with proteins expressed in planta, especially at the low levels that are
characteristic of transient assays.
An alternative possibility is that the proteins may indeed be binding to their
hormones, but no change in Y:B ratio occurs because the underlying hypothesis of a
conformational change upon ligand binding is incorrect. For GID1A, protease digestion
experiments and immunoblot detection of the products could potentially help to identify
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Figure 13. Transgenic T2 Arabidopsis seedlings expressing ABP1 and GID1 tagged with
hRLUC and YFP display luminescence with a low Y:B ratio. Neither the hRLUC-ABP1YFP nor the hRLUC-GID1A-YFP expressing seedlings exhibit any significant change
when hormone is present in high (100 µM) concentration.
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if the protein is truly more compact and stable in the presence of GA3, but this would not
necessarily be conclusive [92]. This type of experiment could also give an indication as
to whether or not GA3 is actually able to bind to the hRLUC-GID1A-YFP sensor.
Optimization of the sensors in the future may provide further clarification as to
whether or not conformational changes are occurring in ABP1, GID1A, or cTR-LBD in
the presence of their ligands. Research with FRET sensors has shown that changing the
orientation of the donor and acceptor molecules within the sensor, or adding a linker
sequence may lead to a greater efficiency of energy transfer or a greater change in energy
transfer upon ligand binding [99, 100]. In addition, the use of “unconventional” tags,
such as modified luciferases and fluorophores, can produce a greater dynamic range and
lead to increases in measurement sensitivity [38, 46, 101]. Furthermore, trying different
hormone analogs, or mutation of the binding site may also lead to detectable changes in
BRET, although the results obtained from using these types of approaches may not be
indicative of endogenous activity, due to the modifications required [99, 102]. Evaluating
whether or not each of these options is appropriate will take time, but with any luck,
should serve to improve the sensors.
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Chapter IV
Establishment of a luminescence imaging system for visualizing BRET
interactions in vivo
Introduction
The ability to visualize intracellular events, such as protein interactions, as they
occur in real-time offers several advantages over simpler, quantitative measurements.
Whereas “bulk” quantitative assays, such as BRET experiments conducted within a
luminometer, allow for quick determination of the potential for protein interactions and
binding events, imaging provides otherwise unobtainable information about changes in
subcellular localization and activity of a molecule(s) in vivo. Optical reporter-based
assays allow one to spatially-resolve and monitor biological processes; these have proven
to be especially useful in the pharmaceutical industry, where rapid screening is critical for
drug development [38].
Of the approaches available, those that are based on bioluminescence, in
particular, appear to have the most potential in terms of sensitivity [38, 103]. However,
because the intensities of luminescence signals are typically low, spatial resolution of
BRET requires a high-sensitivity camera capable of efficiently distinguishing RLUC and
YFP signals from those of background noise. Despite this necessity, analysis of putative
interacting partners or hormone-binding events with luminescence imaging would be an
unparalleled, noninvasive means of observing intracellular processes in real-time.
Accordingly, significant strides have been made within the past few years to improve the
imaging of luminescence and BRET in living organisms, tissues, and cells [43-46, 104].
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Charge-coupled device (CCD) technology
Luminescence imaging typically relies on the use of an inverted compound
microscope and a high sensitivity camera used in concert with a cooled, charge-coupled
device (CCD). CCDs are analog shift registers, which enable the transfer of electrical
signals through successive stages, referred to as capacitors. For imaging, CCDs are
silicon chips that contain an array of light-sensitive photocells (pixels), which are
sensitized, or given an electrical charge, prior to exposure. Based on the photoelectric
effect, the absorption of light by photocells will result in the excitation and release of
electrons, such that a small electrical charge is generated within each photocell. The
accumulated charges are then rapidly shifted into a serial output register, which is masked
from light penetration, where they are read out and converted to voltages one pixel at a
time by an on-chip amplifier. Finally, the voltage of each pixel is assigned a value based
on its amplitude, such that at the end of an imaging sequence, the values for each pixel
can be displayed in visual format on a computer screen. The high sensitivity and accuracy
of CCD technology has made it useful for a number of platforms, including digital
photography, astronomy, spectroscopy, and night vision devices.
Currently, there are several options for luminescence imaging, which differ based
on the type of sensor technology used. Of those available, an Electron Bombardment
CCD (EBCCD), Electron Multiplying CCD (EMCCD), and Intensified CCD (ICCD),
were all tested. EBCCD technology employs a vacuum chamber in which electrons
generated at the photocathode are accelerated and strike a back-illuminated CCD. This is
believed to generate high-resolution images with a good signal to noise (S:N) ratio, which
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is essential for luminescence imaging. On the other hand, EMCCDs perform “on-chip
multiplication,” which exploits the phenomenon of impact ionization, or the generation of
additional charge carriers (electrons) through the loss of energy from one charge carrier
(hole). This process generates high signal gains independent of using an image
intensifier. Used in ICCD cameras, image intensifiers multiply electrons within a microchannel plate (MCP) before any signals reach the CCD. Although these intensifiers can
produce high gain, noise also tends to be high, which can adversely affect the signal
integrity of the resultant image and lead to low resolution.

Photometrics Cascade II:512 camera system
The purpose of setting up a luminescence imaging system in our lab was two-fold.
Primarily, our goal was to develop a means to visualize in situ those BRET interactions
previously identified through experiments conducted within our luminometer. Given the
success obtained with imaging FRET interactions, we had postulated that similar results
could be acquired using our combinations of hRLUC/YFP fusion proteins, if the camera
system chosen proved sensitive enough to detect emission from luciferase molecules.
In order to determine which camera set up would be most suitable for visualizing
BRET events occurring in planta, we evaluated several systems. While each had its own
advantages, we found that the most appropriate camera system for our purposes was the
Photometrics Cascade II:512, an EMCCD-based camera. Thermoelectrically cooled to 80°C, this camera is perhaps one of the best available for reducing dark noise, which can
be a significant, confounding factor. Generated by camera and CCD electronics, or
kinetic movements of atoms within the CCD that emit electrons, dark noise can pose
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problems for imaging of low-intensity signals, such as luminescence. In general, cooling
a CCD below -30°C reduces dark noise to a negligible level; thus, because it is cooled to
-80°C, the Cascade should avoid this problem altogether.
The Cascade camera was coupled to a Nikon Eclipse Ti-U microscope, which was
fitted with 10X, 20X, and 60X objectives. The camera was separated from the
microscope by a Photometrics Dual View Two-Channel, Simultaneous-Imaging (DV2)
apparatus, which contained a dichroic mirror (T505LPXR) and two filters (HQ455/100,
“blue”; HQ550/100, “yellow”) designed for multi-channel imaging of RLUC and YFP
signals (Fig. 14). The emission splitting capability of the DV2 system allows for
simultaneous acquisition of two spectrally distinct, yet spatially identical images that
represent the relative emissions from RLUC and YFP molecules. Through ratiometric
analysis of the signals present in the resultant images, it was anticipated that BRET
interactions could be identified.
Determining the ability of this camera-DV2-microscope set up to visualize
potential BRET interactions at the tissue, cellular, and subcellular levels was of great
interest to us. The Cascade II:512 camera has 16-bit digitization, which gives it a much
larger dynamic range (65,536 grey levels) compared to standard (8, 10, or even 12-bit)
cameras on the market. This allows for the detection of both bright and dim signals
within the same image simultaneously, which can be essential for luminescence imaging.
Another factor that significantly contributes to the sensitivity of a camera is the
quantum efficiency (QE) of the CCD, which represents the probability that an incident
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(A)

(B)

Figure 14. Schematic of the structure and capabilities of the Photometrics Dual View
Two-Channel, Simultaneous-Imaging (DV2) apparatus employed in our imaging system.
(A) Diagram showing the structure of the DV2 and its functional components; (B) Graph
showing the percent transmission of light predicted for the HQ455/100 filter (shown in
black), the HQ550/100 filter (shown in blue), and the dichroic, T505LPXR (shown in
red). Images were modified from Photometrics publications.
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photon will be captured by the sensor and then liberate an electron. This becomes
increasingly important for low-light-level imaging, where the QE largely determines the
minimum signal that is detectable by a particular CCD-camera imaging system. The
back-illuminated EMCCD within the Cascade system offers one of the highest
efficiencies currently available at ≥ 90% QE, which should certainly prove useful for
imaging BRET interactions. Furthermore, the Cascade employs a frame-transfer CCD,
which allows for simultaneous signal detection and image read-out without the use of a
mechanical shutter. This circumvents the problem of delays that may occur between
readout and signal detection, minimizing errors and allowing one to modify the readout
speed such that background (dark) noise is significantly reduced.

Methods
Assembly of the camera system and other imaging components
The Cascade II:512 camera, Dual View 2 (DV2) beam splitter apparatus, and
Nikon Eclipse Ti-U microscope were assembled and first tested by representatives from
Nikon Instruments in the dark room of our lab. To further avoid light leaks, the
microscope was eventually placed into a light-tight dark box constructed of black
plexiglass by the UT machine shop, which appears to be effective in reducing extraneous
noise in the form of stray photons. It should be noted that even when images were taken
without the dark box in place, actual background noise in the images was also very low,
even though stray light could be easily seen with the naked eye inside the darkroom. This
observation is clear evidence that the camera system has still not reached the theoretically
achievable sensitivity.
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The microscope’s motorized stage is controlled by a Prior Scientific OptiScan II
system, which has an external joystick pad that allows for movement of slides along the
x-, y-, and z-axes, while keeping them in a light-tight environment within the dark box. A
Nikon Intensilight C-HGFIE illuminator serves as the fluorescence source, and it
connects to the microscope through a fiber optic cable, ensuring that heat and electrical
noise is not transferred to the microscope body. In addition, this illuminator has a shutter
that can be used to shut off light going to the sample without having to turn off the lamp
itself. The DV2 is equipped with blue (405-505 nm) and yellow (500-600 nm) filters, and
the beam splitting dichroic filter (505 nm).

NIS-Elements software features
Importantly, the software program (NIS-Elements) controls the motorized stage,
the epifluorescence lamp and its shutter, the objectives on the microscope, and also
controls image capture parameters such as the gain, multiplication, and binning functions.
Binning is a function that combines several pixels to form a “superpixel,” which
accumulates the same signal as that of the individual pixels but is instead read out as one
functional unit. This serves to decrease the read noise that occurs with signal read-out
such that instead of having several read noise events corresponding to each of the
individual pixels, the superpixel will have only one read noise event. Thus, if one were to
choose 2x2 binning, 4 pixels would combine to form a single superpixel, and for 4x4
binning, 16 pixels would be used. While this inevitably reduces the resolution of the
resultant image, it is a helpful tool when trying to detect low-intensity signals from
samples with short exposure times.
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As its name implies, the multiplication function multiplies the signals incident on
the CCD through an on-chip multiplication step. The NIS-Elements software allows one
to choose virtually any level of multiplication from 0 to just above 4000X; however, as
will be discussed below, the multiplication that actually occurs is significantly lower than
these settings. Varying the multiplication, while useful for imaging low signals, brings
with it the necessity to consider another function, which is the gain used for acquisition.
The gain function allows one to amplify the signal in a way similar to multiplication, but
has the potential for also amplifying the image and background noise. The NIS-Elements
software allows one to change the gain between 0.334, 0.167, 0.083, and 1.

Acquisition of fluorescence images
All fluorescence images taken with the Cascade camera were obtained by
detecting YFP emission in transiently transformed onion epidermal tissue. BRET
constructs were each transformed by particle bombardment into a single piece of onion
epidermis, using the same protocol as described in chapters II and III, above. For these
experiments the following constructs were used: pBS-35S-EYFP, pBS-35S-hRLUC, and
pBS-35S-hRLUC-EYFP. After 16-24 hours incubation at room temperature, the onion
slices were each placed on a slide with 100-200 µl dH2O, covered with a cover slip, and
then checked for YFP expression on the microscope by using the Intensilight illuminator.
In order to determine the most appropriate exposure time, images were taken using a
range of exposure times that varied from 10 ms – 30 s. Similarly, the amounts of
multiplication (no multiplication – 4000X multiplication) and levels of gain selected
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(0.083 gain – 1.0 gain) were also varied. Binning was kept constant at 1x1 for all
fluorescence experiments.

Acquisition of luminescence images
Luminescence imaging experiments were all completed using transgenic
seedlings harboring the BRET constructs pBS-35S-hRLUC and pBS-35S-hRLUC-YFP.
Seeds representing the T2 generation of each of these lines were sterilized using 400 µl of
a diluted bleach solution (30% bleach, 1% Triton-X-100 in dH2O) and allowed to
incubate for 5 minutes. Afterwards, the bleach solution was aspirated off, and the seeds
were washed at least 4 times to remove all traces of the bleach solution. The seeds were
then suspended in dH2O, plated onto GM plates (1/2X MS salts, 0.5 g/L MES, 1%
sucrose, 0.8% agar, pH 5.7), wrapped in parafilm, and stored at 4°C for 2-3 days. To
begin germination, plates were removed from the cold room and placed in a growth
chamber for 7-10 days under long-day (≥16 hours light) conditions.
Once primary leaves were visible, the transgenic seedlings were used for
luminescence imaging. For each experiment, 2-3 seedlings were placed onto a slide with
200 µl coelenterazine diluted to a final concentration of 10 µM, and covered with a cover
slip. Because of unexpected problems with the Intensilight epifluorescence lamp,
identifying which seedlings expressed YFP such that they would be suitable for
luminescence imaging proved somewhat troublesome. As a result, seedlings were chosen
at random, and luminescence images were obtained using a variety of parameter
combinations, including: 1x1 and 2x2 binning; 1500X, 3000X, and 4000X multiplication;
1.0, 0.333, 0.167, and 0.083 gains; and 1 min., 5 min., and 10 min. exposure times.
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Images taken with and without the DV2 beam splitter in place were obtained using the
same parameters. The sequence with which the parameters and DV2 were used to acquire
images was varied between samples and experiments in order to account for any decay(s)
in signal levels over time [45].

Ratiometric analysis of luminescence images
Luminescence images of pBS-35S-hRLUC-YFP and pBS-35S-hRLUC transgenic
seedlings that were taken with the DV2 apparatus in place were first cropped in NISElements in order to produce two images, one “yellow” and one “blue,” each of which
represented the detected emissions from YFP and hRLUC, respectively. These images
were then analyzed using IPLab and ImageJ software. Yellow and blue images were
background subtracted by the same amounts, so as to bring the majority of background
pixels to a nearly negligible level. In an effort to further smoothen the intensity values
across noisy image frames, yellow and blue image pairs were median filtered by
replacing a pixel's intensity value with the median intensity value from 3x3 surrounding
pixels. To estimate the extent of BRET, a yellow-to-blue ratio image (Y:B) was produced
using IPLab software, with the following image processing formula: (Yellow x 50) /
(Blue x 1). The factor 50 is an arbitrary factor, chosen so that the ratio image is
sufficiently bright and has an intensity resolution similar to that of the original yellow and
blue images.
Final ratio images were then normalized such that signals corresponding to areas
without plant sample became nearly negligible while still conserving the integrity of the
image (black ~ 50; white ~70-100). In order to allow for valid comparisons between
59

images, the degrees to which images were normalized were kept constant between
images within a particular series. To ensure that the Y:B ratio was consistent between
normalized and non-normalized ratio images, a set of regions of interest (ROIs) were
chosen, measured, and compared. The Y:B ratios exhibited by the final ratio images were
each compared with the initial Y:B ratios calculated from the original, unmodified yellow
and blue images. Under no circumstances were any modified ratio images kept that
varied more than ± 0.040 units from the original, calculated ratio (for hRLUC-YFP and
hRLUC, calculated Y:B ratios ranged from 0.862-1.135 and 0.719-0.837, respectively).
The value ± 0.040 was chosen as a cut-off point beyond which the modified ratio images
were to be considered unrepresentative of the original Y:B ratios. This was done in order
to maintain consistency throughout the image analysis process.

Results
Images of YFP-expressing cells under epifluorescence illumination were taken to
explore the effects of imaging parameters (i.e. binning, electron multiplication, and gain
settings), on signals corresponding to YFP emission from transformed cells. Besides
analyzing the utility of the epifluorescence source in concert with the microscope and
camera, the purpose of taking fluorescence images was partly to determine how using
different parameters during image acquisition would affect the resultant image. This was
especially important in order to understand how much multiplication was taking place,
and also to recognize the roles that binning and various gain settings play in determining
the intensities and variability of signals corresponding to sample emission.
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Panels B through E of Fig. 15 show images of an onion epidermal cell expressing
YFP that is surrounded by neighboring cells emitting only background fluorescence.
These exposures suggest that an adequate image quality can be obtained with the electron
multiplication set to 3000X (arbitrary units) (Fig. 15 D). Whereas the intensity of signals
corresponding to the cytosolic region of the YFP expressing cell did not increase when
1000X multiplication was used (Fig. 15 C), it increased significantly, 3.9-fold to as much
as 4.6-fold, with 3000X multiplication, as compared to the signals measured without
multiplication (Fig. 15 D). However, purely digital enhancement of the image in Fig. 15
B, which was taken without electron multiplication, may have produced the same effect.
The gain function was also investigated using this set of images. Reducing the
gain from 0.334 (Fig. 15 D) to 0.083 (Fig. 15 E) resulted in an image that appears to be
significantly less bright in terms of signal intensity corresponding to the YFP expressing
cell. Further calculations corroborated these observations, as the signal intensity was
found to decrease by up to 4-fold. Importantly, similar data were recorded for additional
image sequences that were acquired with modifications to gain settings.
“Dark check” images were taken using the same conditions as were used for all
other images taken, but these were done without seedlings or onion tissue samples and
with the camera shutter closed. These dark check images served to indicate the degree to
which background noise increased in response to changes in the acquisition parameters,
specifically binning and multiplication, while circumventing the variability inherent in
imaging luminescent and fluorescent samples. As shown in the images in Fig. 16 B,
binning (2x2) contributed least to the overall average intensity (background) signal, but
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Figure 15. Fluorescence images of an onion cell expressing the pBS-35S-YFP construct.
(A) Bright field image; (B) 1-sec. image taken with 1x1 binning, and no multiplication;
(C) 1-sec. image taken with 1x1 binning and 1000X multiplication; (D) 1-sec. image
taken with 1x1 binning and 3000X multiplication; (E) 1-sec. image taken with 1x1
binning, 3000X multiplication, and 0.083 gain. Images B, C, and E were contrast
enhanced to black = 800 and white = 8000; image D was contrast enhanced to black =
800 and white =29000, in order to avoid over-saturation of the image. These images
indicate that with the addition of 1000X multiplication, only very small changes are seen
in either the amount of background, or the signal intensity of the expressing cell.
However, increasing the multiplication to 3000X leads to significant increases in signal
intensity without noticeable increase in the level of background.
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Figure 16. “Dark check” images taken in the absence of fluorescent and luminescent
samples. Panels A-D are original, unmodified images. (A) 10-min. image taken with 1x1
binning and no multiplication; (B) 10-min. image taken with 2x2 binning and no
multiplication; (C) 10-min. image taken with 1x1 binning and 3000X multiplication; (D)
10-min. image taken with 2x2 binning and 3000X multiplication. Panels E-H are
unmodified, enlarged ROIs (20x20 pixels for 1x1 images (A, C), 10x10 pixels for 2x2
images (B, D)) extracted from images A-D, respectively. The averages and standard
deviations listed underneath the images shown in E-H indicate the levels of background
and noise, respectively. The averages and standard deviations were calculated by first
selecting several ROIs, calculating their respective means, averaging the means together,
and then calculating the standard deviations. Examples of ROIs used are outlined in red
in panels A-D, with their means shown below the images (row “ROI (Bkgd. mean)”),
indicating the relative level of background signal. The final row (“∆ Bkgd.”) indicates
the changes in background (ROI means) due to the use of acquisition parameters.
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did contribute substantially to the standard deviation (noise). Specifically, it was found
that the intensity of the background signal calculated from the image shown in Fig. 16 B
increased up to only 1.7-fold, as compared to the control, Fig. 16 A.
Using the multiplication function (3000X) without binning (Fig. 16 C, G) resulted
in a slightly lower level of background (average = 861), when compared with the control
(average = 1233) (Fig. 16 A, E). The greatest increases in background were seen with the
use of both 3000X multiplication and 2x2 binning (average = 5772) (Fig. 16 D, H);
accordingly, this image shows a significant amount of pixelation and looks grainy, as
would be expected with such high levels of background.
In order to look more carefully at the amounts of pixelation and noise present in
the images shown in Fig. 16 A-D, several ROIs (20x20 pixels, or 10x10 superpixels)
were extracted from each image, averaged, and standard deviations (representing noise)
calculated. Examples of these ROIs are shown in Fig. 16 E-H, and represent the levels of
background signal and noise present in an enlarged 20x20 or 10x10 square area of pixels.
Averages calculated from these ROIs indicated that among the acquisition parameters
used, combining binning (2x2) with multiplication (3000X) resulted in the highest levels
of background (5772) as well as the greatest amount of noise (± 117.6) (Fig. 16 H).
Notably, the lowest background levels were found when only multiplication (3000X) was
used, perhaps indicating the utility of the gain function (861 ± 14.3, Fig. 16 G). In
general, decreasing the gain to at or below 0.334 had the general effect of reducing levels
of signal intensity throughout the images captured, though this was not consistent (see
Fig. 16 G, H). Measurements of images taken with and without binning (and no
multiplication) were relatively similar in terms of background, except that the image
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taken with 2x2 binning had slightly more noise (1191 ± 35.1, Fig. 16 F and, 1233 ± 3.01,
Fig. 16 E, respectively).
Despite the expectation that with 2x2 binning there should be 4X more signal per
pixel in Fig. 16 B than in Fig. 16 A, this is not evident in Fig. 16 F. This can be attributed
to the fact that the ROI sizes used to measure levels of background and noise were
different for images captured with (B, D, F, H) and without (A, C, E, G) binning – 10x10
superpixels versus 20x20 pixels, respectively.
Luminescence images were taken for two purposes, the first of which was to
again identify the appropriate parameters with which to acquire images. As can be seen in
Fig. 17, results from comparisons between the control image (Fig. 17 B) and those in
which the parameters were altered seem to corroborate the data obtained with the
fluorescence and dark check images. Specifically, while 2x2 binning (Fig. 17 C) did
increase the overall signal intensity by a factor of about 1.2-1.9, the measurable level of
background noise decreased by a very small amount, as much as 0.8-fold. In a similar
manner, using 3000X multiplication led to a minor decrease in background noise (~0.7fold), despite an increase in signal intensity up to 1.9-fold (Fig. 17 D). Yet, the greatest
parameter effects were seen only when multiplication and binning were combined (Fig.
17 E). In comparison to those of the control image, it was found that the background
noise and signal intensity increased up to 3- and 21-fold, respectively.
Together, measurements taken from all luminescent images indicated that the
background levels decreased only when either 3000X multiplication or 2x2 binning were
used alone. In addition, the level of signal intensity increased, but only to a very small
amount, when each of these parameters was used independently. However, when both of
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Figure 17. Luminescence images of a root from a transgenic seedling expressing a pBS35S-hRLUC-YFP construct. (A) Bright field image; (B) 10-min. image taken using 1x1
binning and no multiplication; (C) 10-min. image taken using 2x2 binning and no
multiplication; (D) 10-min. image taken with 1x1 binning and 3000X multiplication; (E)
10-min. image taken with 2x2 binning and 3000X multiplication. Images B-D were
contrast enhanced to black = 1000 and white = 7000; image E was contrast enhanced to
black = 1000 and white =32000, in order to avoid over-saturation of the image. As was
expected, combining 2x2 binning with 3000X multiplication was most effective at
enhancing the signal intensity of the root.
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these parameters were combined, both the background and signal intensities increased
significantly. Because these still differ considerably (by as much as 13-fold), it appears as
though using 2x2 binning in concert with 3000X multiplication may be useful for
enhancing the signal intensities of tissues in which luminescence values are generally low
and/or difficult to measure.
Unless mentioned specifically, all images discussed thus far were taken using a
10X objective. In order to determine if it would be possible to image BRET interactions
with higher spatial resolution, a 20X objective was also tested. Importantly, while the
10X objective has a 0.5 numerical aperture (NA), the 20X has a 0.75 NA. Because of this
difference, the 20X should collect a higher proportion of photons per unit area and as a
result, potentially lead to the generation of images with better resolution. However,
because the 20X also collects light from a smaller field of view, images captured should
generally be of lower intensity than those taken using the 10X objective (0.75/0.50^2fold more light, but 20/10^2-fold less area resulting in 0.56-fold signal intensity).
As can be seen in Fig. 18, comparisons between luminescent samples that were
imaged with both the 10X (Fig. 18 C) and 20X (Fig. 18 E) objectives indicated that while
the levels of background noise remained relatively unaffected, the signal intensity of the
image taken with the 20X objective was measurably reduced. All of the images presented
in Fig. 18 were contrast-enhanced (black = 1190; white = 1770) in order to verify levels
of background noise, signals, and compare their intensities. Measurements indicated that
while background noise was relatively the same between images taken with the 10X and
20X lenses, signal intensities of the 20X image (Fig. 18 E) were about 0.6- to 0.8-fold
lower than that measured for the image that was taken with the 10X objective (Fig. 18 C).
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Figure 18. Luminescence images of a root from a transgenic seedling expressing a pBS35S-hRLUC-YFP construct. Comparisons between these images were made on the basis
of the objective used (10X or 20X). (A) Bright field image taken with 10X objective; (B)
Bright field image taken with 20X objective; (C) 10-min. image taken with 10X, 1x1
binning, and no multiplication (red box indicates ROI selected for the image shown in
panel D); (D) Enlarged region extracted from panel C corresponding to the area imaged
using the 20X objective, which is shown in panel E; (E) 10-min. image taken with 20X,
1x1 binning, and no multiplication. It appears as though the 10X objective provides
better spatial resolution for luminescence imaging. Images C-E were contrast enhanced
to black = 1190 and white = 1770.
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As expected, the 20X objective does not produce images with greater signal intensities.
Shown in Fig. 18 D is an enlarged section extracted from Fig. 18 C (outlined in red)
corresponding to the area imaged using the 20X objective. Clearly, the image quality
provided by the 10X objective appears to be greater than that provided with the 20X
objective, which was an unexpected finding. Despite this, with additional work, the 20X
objective may still be useful for our purposes, so long as BRET proteins and interactions
are sufficiently bright.
The second purpose of luminescence imaging was to examine the luminescence
of hRLUC-YFP transgenic seedlings for BRET interactions using the DV2 beam splitter.
Because the DV2 employs a set of mirrors and colored filters, it was important to verify
how much signal could be lost with the DV2 in place. As expected, because the dark box
does not allow significant light leaks beyond the 400-600 nm range of the filters, the
background levels were similar to images collected in bypass mode, decreasing by as
little as 0.87-fold (data not shown). On the other hand, the signal intensities
corresponding to transgenic plant tissue were significantly affected, decreasing between
0.90- to 0.31-fold (data not shown). Notably, both the blue and yellow images exhibited
the same effects, indicating that there is little to no difference between the amounts of
light that are able to pass through each filter. However, as was expected, more light came
through the blue filter when hRLUC samples were imaged, while the opposite was true
for hRLUC-YFP samples, evidencing the extent of BRET interactions in these samples.
Ratiometric analyses of images taken with the DV2 in place indicate that it is
indeed possible to visualize BRET occurring in plant tissue using our imaging system.
According to the optimizations performed to evaluate total luminescence, blue and
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yellow images were acquired with the DV2 in place, using pBS-35S-hRLUC-YFP
transgenic seedlings. As can be seen in Fig. 19, ratio images were successfully produced
from yellow and blue images acquired under 2x2 binning and 3000X multiplication (Fig.
19 C-D), and also without the use of the binning and multiplication functions (Fig. 19 GH). For both sets of images, original ratio images were pseudocolored, and are shown in
Fig. 19 C and G. However, because this procedure resulted in rather grainy Y:B ratio
images, the original blue and yellow images were subject to a second median filtering
(3x3) step. The ratio images were then recreated, producing more homogeneous Y:B
ratios consistent with the idea that BRET ratios should be somewhat uniform throughout
the tissue (Fig. 19 D, H).
Y:B ratios were calculated from the original blue and yellow images used to
produce the images shown in Fig. 19 C-D and G-H (and also those exhibited by the
modified ratio images), and were found to lie between 0.880 and 1.264. This is relatively
consistent with BRET data obtained through experiments performed with these hRLUCYFP transgenic lines in the luminometer. Importantly, these Y:B ratios remained
consistent throughout the course of image acquisition, and were unaffected by changes in
acquisition parameters.
As an additional means of determining the extent to which BRET interactions can
be distinguished by our imaging system, pBS-35S-hRLUC transgenic seedlings were also
imaged using the DV2 beam splitter. Upon capturing the DV2 images, it was apparent
that the signals exhibited in the blue images were brighter than those evident in the
yellow images. Fig. 20 shows a set of images created from blue and yellow images
acquired under 2x2 binning without multiplication. The ratio images shown in Fig. 20 C
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Figure 19. Ratio images created from modified yellow and blue DV2 images taken of
roots from pBS-35S-hRLUC-YFP transgenic seedlings appear to exhibit BRET. Each of
these ratio images was normalized to black = 49, white = 70 and then pseudocolored. (A)
Bright field image taken without the DV2 in place; (B) Original DV2 image (blue image
on left, yellow on right) acquired under 2x2 binning and 3000X multiplication; (C) Y:B
ratio image created from the yellow and blue images shown in B; (D) Modified Y:B ratio
image created from a second median filtering (3x3) of the images shown in B; (E) Bright
field image of a second hRLUC-YFP seedling taken without the DV2 in place; (F)
Original DV2 image acquired without the use of binning or multiplication; (G) Y:B ratio
image created from the yellow and blue images shown in F; (H) Modified Y:B ratio
image created from a second median filtering (3x3) of the images shown in F. In the ratio
images, blue corresponds to a Y:B ratio of ~ 0.9-1.1, and green represents Y:B ratios
with values of ~ 1.1-1.3.
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Figure 20. Ratio images created from modified yellow and blue DV2 images taken of a
root from a pBS-35S-hRLUC transgenic seedling do not exhibit BRET. Each of these
images was normalized to black = 49, white = 100, and then pseudocolored. (A) Bright
field image taken without the DV2 in place; (B) Original DV2 image (blue image on left,
yellow on right) acquired under 2x2 binning and without multiplication; (C) Y:B ratio
image created from the yellow and blue images shown in B; (D) Modified Y:B ratio
image created from a second median filtering (3x3) of the images shown in B. In the ratio
images, blue corresponds to a Y:B ratio of ~ 0.7-0.8, and green represents Y:B ratios
with values of ~ 0.8-0.9. Notably, the signal intensity of the medium is greater than that
corresponding to the root, indicating the low Y:B ratio exhibited by this transgenic
seedling.
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and D were generated using the same procedure as described above for hRLUC-YFP
seedlings. Comparing the ratio images shown in Fig. 19 C-D and Fig. 20 C-D, it is
obvious that there is a clear distinction between ratio images of BRET-negative and
BRET-positive samples. The average Y:B ratio corresponding to medium in Fig. 20 C-D
appears to be significantly higher than that of the transgenic seedling, indicating the lack
of BRET. As would be expected, such results were never observed for hRLUC-YFP
seedlings. The Y:B ratios corresponding to the hRLUC seedling were found to lie
between 0.759 and 0.856, and although these values are not as low as are characteristic of
hRLUC-expressing seedlings tested in a luminometer (generally ~ 0.5-0.6), they are
lower than those measured from the hRLUC-YFP images (0.885-1.265, Fig. 19).
The apparent differences between the hRLUC-YFP and hRLUC ratio images
indicate that BRET interactions can be visualized in plant tissues using this particular
imaging system. The level of resolution obtained thus far might be sufficient to resolve
differences in BRET between vascular cylinder and cortex, root cap and root tip, root hair
and root body, or root-hair and non-root-hair cell files. While the calculated ratios
exhibited by each of these samples are significantly more variable than those obtained
through experiments conducted in a luminometer, it is possible that this can be attributed
to the variance in either the sample, or perhaps the imaging system itself. Alternatively, it
may be that the Y:B ratios as measured in the luminometer, which are generally assumed
to be indicative of a BRET interaction, differ from those that are calculated from ratio
images. With further investigation, these possibilities will be evaluated.
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Discussion
The experiments performed thus far seem to indicate that the imaging system
established in our lab may indeed be appropriate for imaging BRET interactions. At the
very least, experiments performed with fluorescent and luminescent control samples
point towards the reliability of this system for imaging protein expression and
localization. Furthermore, control experiments such as dark checks suggest that in
general, the system we have set up is suitable for low-light imaging, as background noise
levels are typically minimal.
In terms of the acquisition parameters, the use of either multiplication or binning
appears to be effective in improving image quality. When used independently, both of
these parameters enhanced the signal intensity without leading to significant changes in
background noise levels. Yet, it appeared as though this was only true if at least 3000X
multiplication was used; all images taken using 1500X multiplication failed to show
significant changes in both signal intensity and background as compared to the controls.
In addition to this finding, results consistently indicated that the level of
multiplication one selects for image acquisition does not directly translate into the
amount by which the signal will be multiplied in the resultant image. In fact, for
luminescence images in which multiplication was the only parameter varied, the level of
signal increased by an average of only 1.3-fold. However, it is important to keep in mind
that when one changes the multiplication in the NIS Elements program, the gain is
automatically changed from 1 to 0.334X. Even when one takes this into account, the
average level of multiplication for luminescence images changes only minimally,
74

increasing to 3.8-fold. Clearly, this nearly 1000-fold difference between the software and
the resultant image was unexpected, but is nevertheless a critical finding that will be an
important consideration for future work.
Of the parameters tested, it seems as though combining 2x2 binning with 3000X
multiplication was most useful for improving the ratios of signals (corresponding to plant
tissue) to background signals of the captured images. Although using both of these
simultaneously led to a general increase in background signal levels, these were typically
not large enough to adversely affect image quality and analysis. In only one instance was
a better resolved and brighter image achieved without the use of any modifications to
acquisition parameters (Fig. 19 B).
The spatial resolution capabilities of the imaging system were tested, in part, by
using the 20X objective. Despite the fact that this objective has a higher numerical
aperture than does the 10X, the former did not seem to improve the overall quality or
resolution of the images obtained. In fact, images acquired with the 10X objective had
higher signal intensities than did those acquired using the 20X objective. It seems
reasonable to hypothesize that this discrepancy may be due simply to the fact that the
20X objective captures an image using a smaller viewing area. On the other hand,
perhaps using the 20X objective requires additional modifications to the image
acquisition parameters that may be different from those used for capturing images with
the 10X objective. For this reason, it will be important to again test and compare both
objectives. It should be noted that the 60X objective was not used in any capacity for
these imaging experiments, and as such will also need to be tested in the future.
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The ability of the imaging system to monitor BRET interactions was tested by
imaging both hRLUC and hRLUC-YFP transgenic seedlings. Ratio images that were
created from individual DV2 (blue and yellow) images indicated that the Y:B ratios
remained consistent throughout image capture, and were largely unaffected by changes in
acquisition parameters. As was expected, the Y:B ratios calculated from hRLUC-YFP
images (0.885-1.265, Fig. 19 B-D and F-H) were higher than those from hRLUC images
(0.759-0.856, Fig. 20 B-D), though these did not differ as significantly as is generally
seen with experiments conducted within a luminometer. Although the reason behind this
is unknown, it appears to be at least partly due to an unexplained increase in the Y:B
ratios measured from hRLUC images. With this in mind, it is likely that with additional
experimentation and modifications to the acquisition parameters, plant samples, or
analysis procedures, the ratios may be improved such that they are more dissimilar from
one another.
Taken together, the imaging experiments and results obtained thus far serve as a
starting point from which one can work towards resolving how to image BRET
interactions in real time and in plant tissues. Certainly, the work that has been completed
involving the adjustment of acquisition parameters and analysis of DV2 images will lend
itself to future research. What remains to be investigated is whether or not this particular
imaging system will be an effective means of detecting and monitoring BRET
interactions, and with what level of confidence. Given that such interactions are typically
transient when they occur in non-control samples, which have yet to be tested, it will be
important to discern if luminescence imaging is indeed appropriate for this purpose. In
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addition, future efforts in BRET imaging should also be made towards improving the
levels of both spatial and spectral resolution.
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Chapter V
Conclusions and recommendations for future work

BRET is a useful technique that may allow one to monitor protein-protein
interactions and also intramolecular conformational changes with a high level of
sensitivity. Recent research conducted by both our lab and others in the field has
indicated that BRET can be monitored not only by quantitative measurements (tissue
sample in a luminometer), but also by microscopic imaging. My work has involved using
BRET for each of these applications, in order to address a variety of biological questions
while also evaluating the usefulness of this approach.
One goal of this research was to identify the likelihood of interactions occurring
between a family of plant developmental transcriptional regulators, the YABBYs and an
unrelated protein, LEUNIG (LUG). Experimental results obtained from BRET
experiments conducted with transiently transformed onion epidermis indicated that out of
all combinations tested, FIL (YAB1) and LUG were most likely to be interacting. Given
previous findings, our proposed interaction between FIL and LUG is not entirely
unexpected, as these two proteins are known to function in a similar manner, and with
similar tissue expression [69, 73, 76]. From this data set, we verified that BRET is an
effective technique that can be used to identify potential protein-protein interactions.
The initial results obtained with the YAB and LUG constructs were later extended
by the Golz lab to include work with additional proteins, including LEUNIG
HOMOLOG (LUH), SEUSS (SEU), and the related SEUSS-LIKE (SLK) proteins, each
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of which were suspected to interact with either YABs or LUG. BRET experiments
conducted with these constructs, along with yeast two-hybrid experiments and extensive
genetic and phenotypic analyses, have since provided additional support for a physical
interaction between YABs and LUG, LUH, SEU, and SLK [48]. It is thought that these
proteins interact through the formation of a transcriptional repressor complex, which is
likely to function non-cell autonomously in regulating SAM maintenance and in
promoting adaxial cell identity within developing plants [48]. The functional implications
of these findings are at present, undefined. However, the Golz lab has postulated that it is
possible that YABs may function to either stabilize the LUG-SEU complex, or perhaps to
recruit proteins that function in regulating long-term transcriptional activity [48]. Current
efforts are being pursued in hopes of addressing each of these possibilities.
A second goal of my research was to determine whether BRET could be used to
detect protein intramolecular conformational changes within plants. Although these
BRET sensors had been successfully applied to research with animal (for example,
cameleons) and bacterial cells (sugar sensors), no published accounts had appeared that
detailed the use of BRET sensors in plants. For this work, I chose three proteins, ABP1,
GID1A, and cTR-LBD, based mainly on what was already known about their sizes,
structures, ligands, and relative binding affinities for those ligands. While each had a
published crystal structure, for the most part, it was not known if they underwent a
significant conformational change upon binding ligand. Yet, some early predictions
seemed to point towards at least a small degree of conformational change.
In attempting to monitor conformational changes in these proteins, a number of
approaches were used, all of which incorporated BRET. As discussed above, I used in
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vivo, in vitro, and time course analyses to test the constructs in both transiently
transformed onion epidermis and Col-0 Arabidopsis seedlings. Also tested were
transgenic seedlings that expressed the ABP1 and GID1A BRET constructs. Despite the
finding that all of our sensor constructs exhibited an elevated Y:B ratio and expressed
well in plant tissue, none of these experiments seemed to indicate that any of our
constructs underwent a measurable conformational change when in the presence of
ligand.
The possible reasons that may account for the lack of change in the Y:B ratios
upon ligand addition are numerous. For instance, it seems reasonable that the sensor
constructs may not have been assembled into fully functional forms that can respond to
ligand, in part because of the necessity of fusing the protein receptors between RLUC and
YFP tags. Consistent with this hypothesis, we have not been able to obtain any binding
data over the course of these experiments, due in part to time constraints. Furthermore, it
is possible that the proteins themselves may simply not undergo a significant, measurable
conformational change upon ligand binding. This, too, seems reasonable, given that for
each of these proteins, there is only one published crystal structure, which represents the
protein in either its bound or apo form. Alternatively, perhaps the significant variability
in BRET measured between samples masked what small conformational changes may
have occurred within the sensors during these experiments.
Despite our difficulties, I believe BRET sensors may be useful tools for future
plant research. Although this approach will certainly need some tweaking, the findings
that moderate levels of BRET are exhibited within these sensors, and that they express
well in plants, both indicate that it may be possible to use these in the future to monitor
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conformational changes and binding events. The challenge at this point will be to identify
the reasons behind my problems and work towards creating better sensor constructs.
At present, it seems as though opting to use different hormone analogs may be the
simplest means of working towards verifying the (lack of) BRET exhibited by those
sensor constructs that have already been created. If such experiments are consistent with
the results presented here, one could change the orientation of the hRLUC and YFP tags
(move from N- to C- and C- to N-termini, respectively) or add a linker sequence;
however, each of these modifications would likely require a significant amount of time
given that cloning would be required. Subsequent to this, one could try utilizing
alternative luciferase and fluorescent protein tags (spectrally-shifted variants, for
example), particularly if the modified sensors still do not exhibit BRET interactions [46].
With any luck, this last step should help one to discern whether deficiencies in
measurable BRET exhibited by the sensors are more directly related to the properties of
the tags used, or to the hormone-binding proteins themselves. Despite the fact that each
of these modification strategies would involve much effort, given the results thus far, I
believe that none of these steps would be unreasonable.
The final goal of my research was to develop a luminescence imaging system for
use in monitoring and visualizing BRET events in real-time. Our system incorporates a
Nikon Eclipse Ti-U microscope and a Photometrics Cascade II:512 EMCCD camera,
separated by a Photometrics Dual View Two-Channel, Simultaneous-Imaging apparatus,
which allows for simultaneous, multi-channel imaging of both RLUC and YFP. Housed
within a dark box and kept within our dark room, images captured thus far seem to
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indicate that the system is nearly light-tight, which is essential for low-light luminescence
imaging experiments.
Up until this point, all luminescence experiments have been conducted using only
control transgenic seedlings, expressing either hRLUC-YFP or hRLUC. The capabilities
of imaging fluorescence samples have also been tested, and this was done using
transiently transformed onion epidermis, expressing the same types of control constructs.
Together, experimental results have shown that the imaging system is sensitive enough to
detect luminescence, but can generally only do so with 5- or 10-minute exposure times.
On the other hand, fluorescence samples are easily imaged, as they may require exposure
times on the order of only milliseconds, depending upon tissue expression. While this is
not an unexpected finding, given the multiplication capabilities of the Cascade camera
(said to be up to 1000X), we would have expected it to be much more sensitive than the
data have indicated thus far [105].
Given this deficiency in sensitivity, imaging RLUC and YFP using the DV2
proved to be somewhat difficult. Because the purpose of developing this imaging system
was to be able to visualize BRET events, the most significant test was whether or not
ratio images could be created that successfully represented the Y:B ratios exhibited by
the original images. Acquisition and analysis parameters that best retained the original
Y:B ratios were determined, and in general, the ratio images created were representative
of the BRET that was measured. However, the relatively poor spatial resolution and
quality of some images indicate that either the imaging system or acquisition parameters
could use some adjustment. As this is further modified, and if sensitivity can be improved
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upon, I do not see any reason why our imaging system could not be used to reliably
visualize BRET interactions.
Taken together, the experimental results obtained through this work indicate that
although our technique may need some refinement, BRET is a feasible option for
monitoring diverse changes in protein activities. It appears as though our experience with
using BRET to detect protein-protein interactions quantitatively may lend itself to
investigating conformational changes within hormone receptor proteins. Similarly, this
research has shown that with some improvement, it is possible to visualize BRET
interactions using highly sensitive cameras equipped for dual-channel imaging. Clearly,
with time and further experimentation, BRET is likely to become an increasingly popular
tool for investigating both inter- and intramolecular protein changes for a variety of
applications.
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